Recent advances in biotechnology and imaging technology have provided great opportunities to investigate cellular dynamics. Conventional imaging methods such as transmission electron microscopy, scanning electron microscopy, and atomic force microscopy are powerful techniques for cellular imaging, even at the nanoscale level. However, these techniques have limitations applications in live cell imaging because of the experimental preparation required, namely cell fixation, and the innately small field of view. In this study, we developed a nanoscale optical imaging (NOI) system that combines a conventional optical microscope with a high resolution dark-field condenser (Cytoviva, Inc.) and halogen illuminator. The NOI system's maximum resolution for live cell imaging is around 100 nm. We utilized NOI to investigate the dynamics of intracellular microvesicles of neural cells without immunocytological analysis. In particular, we studied direct, active random, and moderate random dynamic motions of intracellular microvesicles and visualized lysosomal vesicle changes after treatment of cells with a lysosomal inhibitor (NH 4 Cl). Our results indicate that the NOI system is a feasible, high-resolution optical imaging system for live small organelles that does not require complicated optics or immunocytological staining processes.
INTRODUCTION
Modern live-cell imaging techniques are powerful methods with which to investigate dynamic cellular behaviors. For example, microscopic optical imaging techniques have been used to visualize cell-to-cell coupling and migration patterns of cells in vitro. 1 2 In addition, live cell imaging has been used to study morphological cellular changes, 3 micro-organelle changes, 4 5 specific proteins, and molecular regulation. 6 In particular, scientists have focused on developing new imaging and analysis tools 7 8 to better study endosomal vesicles involved in protein degradation, 9 large secretory vesicles with roles in protein and neuropeptide secretion, 10 11 and neurotransmitter secretive synaptic vesicles. 12 Currently, conventional optical imaging, atomic force microscopy (AFM), scanning electron microscopy (SEM), and fluorescent microscopic imaging are the major imaging methodologies used for live cell imaging. 13 14 * Authors to whom correspondence should be addressed. † These authors contributed equally.
Although conventional optical imaging systems are simple and effective, they have low spatial resolution. AFM and SEM offer good spatial resolution, but have low temporal resolution, a small field of view (FOV), and may induce cellular morphological changes. 15 16 Fluorescent optical imaging is one of the best ways to study intracellular dynamics by tracking specific molecules with fluorescent dyes. 17 Fluorescent dying, however, is often toxic to cells, and bleaching may occur. Further, complicated staining and gene-transfection processes are required.
To address these limitations of currently-used imaging systems, we developed a nanoscale optical imaging (NOI) system. The NOI system combines a dark-field nanoscale resolution condenser and halogen illuminator with a conventional optical imaging (COI) system. The NOI offers 100 nm resolution, which far exceeds the spatial resolution of COI systems. 18 Incorporation of a nanoscale optical imaging condenser in the NOI system allowed us to study nanoscale cellular behavior with good contrast, and can therefore be utilized to investigate nanoparticles that 20 and bacterial infections. 21 In this study, we utilized the NOI system for live-cell imaging to study the mobile and interactive behavior of cellular microvesicles. We focused on the movement patterns of microvesicles within cell-to-cell interactive junctions. Use of NOI allows intracellular dynamics to be studied without the requirement for complicated and invasive immunocytochemical analysis.
EXPERIMENTAL DETAILS

Nanoscale Optical Imaging
The NOI system consists of a nanoscale dark-field condenser (CytoViva, Inc., AL, USA; numerical aperture, NA = 1 2-1.4) and halogen illuminator system (DolanJenner Industries Inc., MA, USA), which we substituted for the conventional optical condenser (NA = 0 55) in the microscope (Leica Microsystems GmbH, Wetzlar, Germany). This increased the system's image contrast and signal-to-noise ratio and provided a spatial resolution of 100 nm. 18 A live chamber system (TC-L, Chamlide, Seoul, South Korea), in which the environment was maintained at 37 C and 5% CO 2 during the experiment, was used for live cell imaging. The nanoscale dark-field condenser was immersed in cell media and was positioned 10-1000 m above the cells. Live cell images were obtained and recorded with a CCD camera (Leica Microsystems GmbH, Wetzlar, Germany) every second for 280 seconds.
Cell Culture and NH 4 Cl Treatment
SHSY5Y human neuroblastoma cells (ATCC, VA, USA), an adhesive neural cell line, were grown in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, NY, USA) that was supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich, MO, USA) and 1% penicillin-streptomycin (Invitrogen, NY, USA) in a T75 flask (Nunc, Thermo Fisher Scientific, Roskilde, Denmark). Cells were subcultured every 3 days with fresh media. Cells were resuspended in 1× cell dissociation solution (Sigma-Aldrich, MO, USA) and washed with 1× phosphate-buffered saline (PBS; Invitrogen, NY, USA). To allow cell attachment and growth, the neural cells were plated on a culture dish (60 mm diameter, Techno Plastic Products AG, Trasadingen, Switzerland) in a 5% CO 2 incubator (Sanyo Electric Co., Ltd., Japan) for 24 hours prior to treatment with 50 mM NH 4 Cl (Sigma-Aldrich, MO, USA) for 12 hours to investigate the effect of lysosomal inhibitors on microvesicle dynamics.
Data Analysis and Statistics
The movement pattern and distance of each microvesicle in neural cells were tracked and calculated by AF6000 analysis software (Leica Microsystems GmbH, Wetzlar, Germany). An independent two-sample t-test (SPSS 19, International Business Machines Corp., NY, USA) was performed to evaluate statistical differences among microvesicles' movement distances and velocities according to the type of motion they showed. To evaluate statistical differences before and after 50 mM NH 4 Cl treatment, the total intensity changes of individual cells were measured by drawing an outline around each cell and performing an independent two sample t-test. Three levels of statistical significance were used:
* p < 0 05, * * p < 0 01, and * * * p < 0 001.
RESULTS AND DISCUSSION
For high-resolution cell visualization, we modified a conventional optical imaging (COI) system by replacing the conventional optical condenser with a dark-field nanoscale optical condenser (CytoViva, Inc.). Our nanoscale optical imaging (NOI) system with a live chamber controller to maintain the bio-environment of 5% CO 2 and 37 C is shown in Figure 1 . In the NOI system, the conventional halogen lamp has been replaced with a halogen illuminator guided by an optical fiber. Neural cells plated on a culture dish were positioned under the nanoscale optical condenser at a distance of around 1000 m, and the condenser was immersed in cell media. The high-resolution near-nanoscale range resolution of this dark-field live cell imaging system allowed us to visualize micro-organelles located within cells without any specific staining. Live intracellular microvesicles in neural cells in the same region were visualized by NOI and COI (Figs. 2(A), (B) ). The resulting images are directly compared in Figures 2(C) -(J), which are magnified images Fig. 1 . Nanoscale optical imaging (NOI) for live cell imaging. An illustration of the NOI system, which comprises a conventional optical imaging system equipped with a dark-field nanoscale optical condenser and live chamber system. The cells plated on the culture dish were imaged by a conventional optical condenser for contrast optical images or by the nanoscle optical condenser for nanoscale dark-field images. 
of regions in Figures 2(A) and (B)
. Live intracellular microvesicles were visualized very clearly with the NOI system, and these vesicles had intrinsic signals under dark-field imaging conditions. We observed that the intracellular vesicles were transported and accumulated actively in cell-to-cell interactive junctions (Figs. 2(E) , (G), (I)) at the leading edge ( Fig. 2(C) ). However, the microvesicles were not clearly in the conventional optical microscope images. The NOI system therefore allows the detection of mobile microvesicles without staining. We examined the dynamics of the vesicles in cellto-cell interactive junctions between cells and tracked their motion paths for 280 sec via time-lapse imaging (Figs. 3(A), (B) ). The motion of the live microvesicles differed, and we categorized the microvesicles into three groups according to their motion dynamics (Fig. 3(C) ) based on a previous vesicle motion classification theme: 10 (1) directed motion (DM), characterized by rapid anterograde or retrograde transport in one direction along the cell body, (2) active random motion (ARM), which refers to rapid diffusive motion in the cell-to-cell interactive junction or leading edge, and (3) moderate random motion (MRM), which refers to limited movement of a vesicle in a limited local area.
Using the live cell NOI system, we detected the three types of microvesicle motion described above and measured the average movement distance and velocity according to the three motion types of DM, ARM, and MRM (Fig. 3(D) ). The differences in vesicle movement distance and velocity among the movement types were significant. Examples of cell motion patterns are shown in Figure 4 . The white cross lines indicate the initial position of the microvesicles at 0 sec. In Figure 4 (A), DM of a microvesicle was observed during rapid transport directly from the perinuclear area to the peripheral area. In contrast to DM, vesicles with ARM did not have specific directionality and moved back and forth actively (Fig. 4(B) ). The vesicle with MRM moved in a wavering manner with small motion angles at the initial position without directionality (Fig. 4(C) ). We clearly and directly visualized the movement of live intracellular vesicles in the cytosol, and found clear differences in movement distance and velocity according to movement type. In particular, microvesicles located in cell-to-cell interactive junctions mostly showed ARM movement. ARM dynamics in this zone could facilitate cell-to-cell contacts between interactive cells. To identify vesicles, we treated cells with lysosomal inhibitor (NH 4 Cl). NH 4 Cl accumulates in lysosomes and blocks lysosomal function selectively and completely, because NH 4 Cl is a weak base. Seglen et al. reported lysosomal vacuolization after treatment of NH 4 Cl. 22 23 COI and NOI images acquired before NH 4 Cl treatment are shown in Figures 5(A) , (C). Figure 5(C) shows the accumulation of many vesicles near cell-to-cell active interaction junctions and the leading edges of cells. After NH 4 Cl treatment, the lysosomal vesicles underwent morphological changes, shown by the red circles in Figure 5 (B). Lysosomal vesicles swelled up and became large vacuoles in the cytosol. NOI images (Fig. 5(D) ) also revealed that the number of vesicles decreased and vesicle accumulation in the specific zone disappeared after NH 4 Cl treatment. The lysosomal vacuoles are the black, round shapes in the dark-field nanoscale optical microscope image (Fig. 5(D) ). To quantify vesicle reduction by the lysosomal inhibitor, the total intensity of cells was measured before and after NH 4 Cl treatment (Figs. 6(A), (B) ). Each cell was compartmented by cell boundary, as shown in Figures 6(A) and (B), and their signal intensity measured. Intensity values decreased by about 19% compared to before NH 4 round shapes in the dark-field nanoscale optical microscope image did not contribute to the signal intensity. Hence, the changes in signal intensity were solely due to changes in the intensity of small microvesicles.
In future studies, we intend to identify the various types of intracellular microvesicles in images acquired using the NOI system via immunocytochemistry analysis. Our results clearly demonstrate that the NOI system allows clear, live imaging of the dynamics of microvesicles within a cell with high-resolution, easy accessibility, and a large field-of-view.
CONCLUSIONS
We developed a high-resolution optical imaging system with near nanoscale resolution for live cell imaging, and observed the intracellular dynamics of microvesicles. Dynamic motion was clearly detected compared to a conventional optical microscope without any specific immunostaining. Our nanoscale optical imaging (NOI) system can therefore be used to observe the fast dynamics of very small intracellular organelles, such as localized microvesicles, in real-time.
